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Abstract
The newly discovered resonance at 125 GeV has properties consistent with the
Standard Model (SM) Higgs particle, although some production and/or decay channels
currently exhibit O(1) deviations. We consider scenarios with a new scalar singlet
field with couplings to electrically charged vector-like matter, focusing particularly on
the case when the singlet mass lies within a narrow ∼ few GeV window around the
Higgs mass. Such a ‘singlet neighbor’ presents novel mechanisms for modifying the
observed properties of the Higgs boson. For instance, even a small amount of the
Higgs-singlet mixing can lead to a significant enhancement of the apparent diphoton
rate. Alternatively, the Higgs may decay into the nearby singlet, along with a very
light, very soft mediator particle, in which case there can be O(1) enhancement to
the apparent diphoton rate even for ∼ TeV-scale charged vector-like matter. We also
explore models in which vector-like fermions mix with the SM leptons, causing the
simultaneous enhancement of γγ and suppression of ττ Higgs branching ratios. Our
scenario can be tested with the accumulating LHC data by probing for the di-resonance
structure of the 125 GeV diphoton signal, as well as the relative shift in the resonance
location between the diphoton and four-lepton modes.
1 Introduction
Recent experimental developments at the LHC, combining 2011 and 2012 data sets, have
firmly established the existence of a resonance at ∼ 125 GeV [1, 2]. At this point, the
newly discovered boson has properties fully consistent with the elementary Higgs boson
of the Standard Model (SM). This conclusion has further independent support from the
Tevatron [3], where the excess of the observed data over background can also be interpreted
as a signature of the Higgs boson with mass in the range from 115 to 135 GeV. Future
improvements at the LHC will allow for the precision determination of many decay channels
for the new particle (see, e.g., [4]). With the Higgs mass tentatively determined to be 125
GeV, there are no free parameters left in the SM, and all decay chains of the Higgs boson
can be unambiguously predicted [5,6]. Although at present the data are consistent with the
“normal” Higgs, future data may reveal serious deviations from the SM predictions.
Currently, among the most interesting trends seen at the LHC is the larger-than-expected
diphoton rate at 125 GeV, as explored in [7,8], and the lack of any evidence for the coupling of
the new resonance to leptons, manifested in lower-than-expected rates of tau pair production
at the same invariant mass. If these deviations grow to a significant level, they would imply
a “non-minimal” Higgs boson. At this point, one approach would be to make a generic
parametrization of the new boson couplings to the rest of the SM (as was done in numerous
studies on the subject over the years [9] and most recently in connection with the positive
Higgs signal; see for example [10]), and perform fits to the coupling constants in light of
the currently available data. An alternative route is to formulate UV-complete models that
modify Higgs boson properties in a calculable way as a function of model parameters [11].
In this paper, we explore extensions of the Higgs sector by a singlet scalar field. This
singlet scalar may couple to new vector-like, electrically charged matter, which induces a
sizeable effective coupling to photons. Within this general setup, we discuss new mechanisms
to enhance the effective h → γγ rate. We especially concentrate on the special case of a
quasi-degenerate Higgs–singlet pair. Current data point to the new resonance around 125-
126 GeV, but are not sufficient to determine whether this is a single resonance or a series
of excitations. We show that a quasi-degeneracy in mass, ∆M < few GeV, is still allowed
by current data and furthermore provides new opportunities for enhancing the apparent
diphoton rate. We discuss two novel mechanisms utilizing such a nearby ‘singlet neighbor’:
• A singlet neighbor that is very weakly mixed with the Higgs will be produced in the
same manner as the SM Higgs particle, though with a smaller rate. However, it can
easily have an O(1) branching ratio to photon pairs if it couples to light charged
vector-like matter. The mixing angles required to enhance the apparent h → γγ rate
by a factor of ∼ 2 through this mechanism are much smaller than those required in
other scenarios with mixed Higgs-singlet and significant mass separation between scalar
resonances.
• The Higgs may be connected to a nearby singlet neighbor by a very light mediator, and
have a small branching fraction into the singlet-mediator pair. Again, the singlet can
have an O(1) branching ratio to diphotons, thereby enhancing the apparent h → γγ
rate. Remarkably, the charged vector-like matter in this case can be very heavy, ∼
1
TeV scale, in contrast to other mechanisms relying on charged matter to enhance the
diphoton rate. The light mediators are very soft in the decay and thus do not affect
the reconstruction of the diphoton pair.
Furthermore, we show that if the quantum numbers of vector-like fermions allow them to
couple to leptons, one can have a reduction in the effective rate of the Higgs boson decays
to tau leptons. Therefore, the same set of new particles could plausibly be responsible for
an enhancement of h→ γγ and a suppression of h→ ττ . We note that models with singlet
scalars have been a focus of various phenomenological investigations in recent years [12].
In particular, the modifications of the Higgs production and decay patterns in models with
scalar singlets coupled to new colored/charged matter were explored recently in Refs. [13].
Our models have two new generic signatures. First, the mass degeneracy of the Higgs
and the singlet could potentially be resolved with more data in the highest resolution chan-
nel, h → γγ. Second, the simplest version of the model features relatively light vector-like
particles that decay back to the SM fermions and gauge bosons. We calculate the direct
production cross section of these states and discuss possible final states of their decay. Al-
though no direct search of vector-like charged matter has been performed to date, we adjust
our calculations to the existing searches of other exotic charged states (direct chargino pro-
duction), and argue that the mass range relevant for the modification of diphoton and ditau
effective rates can be realistically probed by the LHC in the very near future. However,
models with light mediators may not be subjected to direct constraints for a long time due
to a possibility of having heavy vector-like states.
The rest of the paper is organized as follows. In the next section we introduce the model
of a quasi-degenerate mixed Higgs–singlet pair and vector-like matter and discuss its generic
consequences. In Sec. 3 we supplement the model with a light mediator and demonstrate
that the charged states can be made significantly heavier, while still having a substantial
impact on the apparent diphoton rate. In Sec. 4 we discuss explicit models of vector-like
matter that couples to leptons, exploring their potential to modify the ditau rate. We also
examine in this section several other phenomenological aspects of the vector-like fermions,
including their potential production/decay signatures at the LHC and their implications for
precision electroweak measurements. Section 5 provides a detailed analysis of the possible
multi-resonance structure of the 125 GeV signal under the hypothesis of a nearby singlet
scalar. We reach our conclusions in Sec. 6.
2 Singlet neighbor next door to Higgs
Adding a singlet real scalar S is the simplest extension of the SM. Here we consider the
Lagrangian
− L ⊃ −µ2HH†H + λH(H†H)4 +
1
2
mˆ2SSˆ
2 + AH†HSˆ − BSˆ + λS
4
Sˆ4 + LSF ,
(1)
where in particular we have included the super-renomalizable Higgs portal coupling to S. We
are free to choose the parameter B = Av2/2, where v is the SM Higgs vacuum expectation
value (vev), so that S does not obtain a vev. The additional term, LSF , in (1) is the coupling
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of S to the vector-like (VL) matter F that we shall specify later. The only condition that
we place on F at this point is that its mass does not come from the SM Higgs mechanism,
i.e. mF remains finite in the limit of v → 0. Expanding about the vacuum, we obtain the
following mass terms
− L2 = 1
2
(2λHv
2)hˆ2 +
1
2
mˆ2S Sˆ
2 + AvhˆSˆ. (2)
The mixing is thus described by the mass matrix
M =
(
2λHv
2 Av
Av mˆ2S
)
, (3)
which can be diagonalized by a rotation,(
hˆ
Sˆ
)
=
(
cθ sθ
−sθ cθ
)(
h
S
)
, tan 2θ =
2Av
mˆ2S − 2λHv2
. (4)
While the general case of Higgs phenomenology has been worked out before [12,13], we shall
concentrate on the limit in which Av ≪ 2λHv2 ∼ mˆ2S. In this regime, the mass eigenvalues
are simply
mS ≃ mˆS, mh ≃
√
2λHv
2. (5)
If the mixing angle is small, it can be approximated by
θ ≃ Av
mˆ2Y − 2λHv2
=
Av
m2S −m2h
≃ Av
2mh∆M
, (6)
while for |A|v ≫ |mˆ2Y−2λHv2| the mixing angle is maximal, θ = ±π/4. After diagonalization,
h, S couples to the currents
L ⊃ hˆJh + SˆJS (7)
= h(cos θJh − sin θJS) + S(sin θJh + cos θJS). (8)
2.1 Production and decay of S and modification of apparent Higgs signal
Due to the interaction with the Higgs current, the S boson will be produced in the same
way as the SM Higgs with a rate smaller than the Higgs by the square of the mixing angle:
σpp→S = (sin θ)
2σSMpp→h. (9)
We shall assume that the mass separation of S and h is small enough not to be resolved
at current statistics, but large enough so that there is no interference at the level of the
amplitudes, ∆M ≫ Γh,ΓS. We address the question of the allowed size of the splitting ∆M
in Section 5.
In order to achieve large variations in the apparent diphoton rate, the production cross
section of S should be at least as large as the cross section for pp→ h→ γγ, implying
θ2 & BrSMh→γγ = 0.0023 =⇒ θ & 0.05, (10)
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where we take Higgs branching ratio at mh = 125 GeV. Using the expression for the mixing
angle in Eq. (6), we can estimate the required value of the trilinear A parameter:
|A| & 0.05 GeV
∣∣∣∣ θ0.05
∣∣∣∣ ( mh125 GeV
) ∣∣∣∣∆MGeV
∣∣∣∣ , (11)
while the sign of A as well as ∆M can be arbitrary.
The coupling to charged matter F will create an extra decay channel for S. Since the
non-SM charged particles would have to be heavier than mS,h/2, loops of F will open the
S → γγ channel, to which we assign the width ΓFS→γγ. The S particle can decay into a pair
of photons, or it may decay into other SM final states through its coupling to the Higgs
current.
It is easy to write down the general formula for the modification of the apparent Higgs
signal in a mass window 125 GeV±∆M , normalizing to the SM rates:
Rf.s. =
σpp→h × Brh→f.s. + σpp→S × BrS→f.s.
σSMpp→h × BrSMh→f.s.
= cos2 θ × Brh→f.s.
BrSMh→f.s.
+ sin2 θ × BrS→f.s.
BrSMh→f.s.
(12)
≃ 1 + θ2BrS→f.s.
BrSMh→f.s.
where “f.s.” stands for a generic final state, such as γγ, ZZ∗, etc. The last step in the
expression above assumes the smallness of the mixing angle and consequently neglects mod-
ifications of h branching ratios due to the mixing with Sˆ. The case when additional decay
channels for S are not present, and it decays back to the SM via mixing with the Higgs,
corresponds to the trivial situation when BrS→f.s. = Br
SM
h→f.s., and Rf.s. = 1 for any final state.
We shall address the question of what increase in statistics is required in order to resolve the
two h and S states at given θ and ∆M in Sec. 5. The relevance of two nearby scalars for
the 125 GeV LHC signal was recently discussed in the context of the NMSSM in Ref. [14].
In the model we consider, the diphoton branching is very simple in the limit of small
mixing angle,
BrS→γγ
(√
BrSMh→γγ <∼ θ <∼ 1
)
≃ Γ
F
S→γγ
θ2ΓSMh, tot.
, (13)
where we have also assumed that ΓFS→γγ ∼ ΓSMh→γγ ≪ ΓSMh, tot.. At a generic O(1) mixing angle,
the expression is more complicated due to the interference of F and h mediated S decays
to diphotons at the amplitude level. For this broad range of mixing angles, all expressions
simplify to θ-independent combinations:
Rγγ ≃ 1 +
ΓFS→γγ
ΓSMh→γγ
; Rother f.s. ≃ 1. (14)
Thus, if the ΓFS→γγ/Γ
SM
h→γγ is sizable, the apparent diphoton rate will be enhanced.
2.2 Singlets coupled to electrically charged VL matter
For a 125 GeV Higgs, the partial decay width of the Higgs into a pair of photons is given
by ΓSMh→γγ ≃ 9.3× 10−6 GeV. In order to generate a comparable contribution to the SM, we
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introduce electrically charged VL matter coupled to S,
LSF ⊃ ySFSFLFR + (h.c.) or ASFSF ∗F. (15)
The first option is a VL fermion with Yukawa coupling ySF , while the second option is a
scalar with trilinear coupling ASF . These new fermions or scalars can belong to various
representations of SU(2)L × U(1)Y , though we consider SU(3)c singlets in order to avoid
additional strong production and decay channels.
The partial decay width for S → γγ mediated by the charged fermion or scalar loop is
given by
ΓfermionS→γγ = y
2
SF
N2Q4α2m3S
256π3m2F
|A1/2(τF )|2; ΓscalarS→γγ = A2SF
N2Q4α2m3S
1024π3m4F
|A0(τF )|2, (16)
where Q is the charge of F , N is a possible multiplicity factor in case F has additional
quantum numbers other than spin, τF = m
2
S/4m
2
F , and A0,1/2 are the loop functions which
are defined in the review [6]. We have also assumed CP conservation, so that ySF is explicitly
real. In the limit of heavy charged particles, the loop functions take the values A1/2 → 4/3
and A0 → 1/3, and we may write the effective increase in the diphoton rate coming from S
as
Rγγ − 1 ∼ 0.3×N2Q4
( mS
125 GeV
)3{ (ySF/2)2 (150 GeV/mF )2
(ASF/1.25 TeV)
2 (150 GeV/mF )
4 . (17)
Clearly, a large modification of the apparent Higgs decay rate to diphotons would require
either Yukawa or trilinear couplings on the borderline of perturbativity, or large multiplicities
or charges of the VL states (for a realization of the latter idea, see [15]). Even with the
absence of the strong production channels, the F states in the mass range of a few hundred
GeV should be copiously produced at the LHC. We discuss constraints from this in Sec. 4.
3 Higgs connected to a singlet neighbor by a light mediator
We now modify our model, and introduce a light mediator X that connects h and S states
and remove the direct mixing term ASH†H . Consider adding two real gauge singlet scalars
S, X , with the following Lagrangian
−L ⊃ 1
2
mˆ2XXˆ
2 +
1
2
mˆ2SSˆ
2 + λH†HXˆSˆ + LXSF
=
1
2
mˆ2XXˆ
2 +
1
2
mˆ2SSˆ
2 +
1
2
λv2XˆSˆ + λvhXˆSˆ +
1
2
λh2XˆSˆ + LXSF , (18)
where again LXSF stands for singlet interactions with charged VL matter. The mass mixing
of the two singlets is described by the matrix
M =
(
mˆ2X λv
2/2
λv2/2 mˆ2S
)
. (19)
We diagonalize the system by a rotation(
Xˆ
Sˆ
)
=
(
cθ sθ
−sθ cθ
)(
X
S
)
, tan 2θ =
λv2
m2S −m2X
. (20)
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We will always be working in the limit of mˆ2X ≪ λv2/2 ≪ mˆ2S. In this limit, the mixing
angle is small, and is approximated by
θ ≃ λv
2
2mˆ2S
. (21)
The mass eigenvalues are approximately
m2X = mˆ
2
X −
λ2v4
4mˆ2S
, m2S ≃ mˆ2S . (22)
There will be some tuning coming from the need to have a mass eigenvalue mX < 1 GeV,
as we will discuss below.
After diagonalizing the system, the interaction Lagrangian is given by
L ⊃ λvhXS − θλvhX2 + θλvhS2 + LXSF , (23)
where we have omitted the quartic scalar interactions. We now discuss several consequences
of the model. We have in mind a spectrum of mh ∼ 126 GeV, mS ∼ 125 GeV, and mX < 1
GeV.
3.1 New Higgs decay channel, h→ XS
Given the light mediator X , the apparent Higgs decay properties can be modified not by
mixing but by the decay h→ XS. This new channel can be very important for the apparent
rate of h → γγ if Γh→XS > Γh→γγ because it is easy to arrange that, once produced,
the S state is kinematically forced to decay to photons. For this to mimic the diphoton
signal, X should be very light, mX . GeV, in which case it will be very soft and not affect
reconstruction of the diphoton pair. For a related discussion of an increase in the diphoton
rate from the Higgs boson decaying to singlets that then decay to two photons, see [8, 16].
The R ratio, in case when two states S and h cannot be resolved, is given by
Rγγ = 1 +
Brh→SX
BrSMh→γγ
× BrS→γγ, (24)
where we also assume that Γ (h→ SX) does not exceed the SM Higgs width.
The partial decay width for h → SX in the relevant kinematic regime mX ≪ ∆M ≡
mh −mS ≪ mh is given by
Γh→XS ≃ λ
2v2∆M
8πm2h
= 10−5 GeV
(
λ
0.01
)2(
∆M
GeV
)(
126 GeV
mh
)2
. (25)
We see that in order to obtain a comparable new contribution to the standard h→ γγ rate,
we must require having a coupling of λ ∼ 0.01 or larger. A coupling λ ∼ 0.01 implies a
mixing angle (21) of size
θ ≃ 0.02
(
λ
0.01
)(
125 GeV
mY
)
. (26)
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3.2 The degree of tuning in the singlet sector
A coupling λ ∼ 0.01 is large enough so that electroweak symmetry breaking makes an
important contribution to the masses of X , S. There is a contribution to the physical X
mass given in Eq. (22) of
λ2v2
4mˆ2S
∼ O(5 GeV2). (27)
To obtain a physical mass of mX = 0.5 GeV, we must tune the bare mass parameter mˆ
2
X so
that there is a cancellation in Eq. (22) at the ∼ 5% level.
The tree-level tuning can be reduced if λH†HXˆSˆ is “traded” for a higher-dimensional
effective operator 1
Λ2
XˆSˆH†H , that gives the same effective XSh vertex if m2h/Λ
2 = λ,
which implies the need in UV completion at a TeV scale. Although direct mass mixing
between Xˆ and Sˆ is now absent, the tuning in this model can reappear as the loop-induced
correction to the mass of X scalar.
In a modification of model (18), X and S can be considered as real and imaginary part
of a complex scalar field Φ, Φ = 2−1/2S exp(iX/〈S〉), charged under the global PQ-type
symmetry. This can lead to the masslessness of the X scalar in the limit of exact PQ
symmetry. However, in order to generate effective XSh coupling, PQ-breaking terms must
be introduced, iλ(H†H − v2/2)ΦΦ etc, which reintroduce the mass fine-tuning for X . A
detailed realization of this scenario goes outside the scope of the present work.
3.3 Kinematic entrapment of S and strong enhancement of S → γγ
If the VL states to which S is coupled are made very heavy, this scalar can decay through an
off-shell Higgs. Since the Higgs is just barely off-shell due to the small splitting, this decay
mode can be small, but not negligible.
The partial decay width for the dominant process of this kind, S → Xh∗ → Xbb, is given
by
ΓS→Xbb =
1
π
∫ (mS−mX)2
4m2
b
ds
√
s
(s−m2h)2 +m2hΓ2h
ΓS→Xh∗(s)Γh∗→bb(s), (28)
where we have defined
ΓS→Xh∗(s) =
λ2v2
16πmS
λ1/2
(
1,
s
m2S
,
m2X
m2S
)
, (29)
Γh∗→bb(s) =
3yb
√
s
16π
(
1− 4m
2
b
s
)3/2
. (30)
In the limit mX ,∆M,mb → 0, we obtain the approximate expression
ΓS→Xbb ≃
3y2bλ
2v2
256π3mh
[
log
( mh
2∆M
)
− 2
]
≈ 10−8 GeV× c
(
λ
0.01
)2(
126 GeV
mh
)
, (31)
where c is an O(1) coefficient depending on ∆M . We see that this decay width can be up
to three orders of magnitude below ΓSMh→γγ.
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Returning to our results for the γγ rate due to the couplings to fermions, we can see that
BrS→γγ ≃ 1 condition can be satisfied for λ ≃ 0.01 as long as
ΓS→γγ >∼ ΓS→Xbb =⇒
(ySF
2
)2
N2Q4
(
3 TeV
mF
)2
>∼ 1. (32)
Needless to say, this is far less extreme choice of parameters than (17), which illustrates the
fact that in models involving a light singlet X , the enhancement of apparent Higgs diphoton
rate can be mediated by TeV scale charged particles, well outside of the current LHC reach.
3.4 Phenomenology of the light X
The phenomenology of light X can depend quite significantly on whether it directly couples
to VL matter F . If direct coupling to F is absent, then X → γγ decay is mediated by the
small mixing of X and S. The width ratio of X to S decays into photons is given by
ΓX→γγ
ΓS→γγ
= θ2
(
mX
mS
)3
≃ 2.5× 10−11 ×
(
θ
0.02
)2 ( mX
0.5 GeV
)3(125 GeV
mS
)3
. (33)
If this is the dominant decay mode, then lifetime is given by
cτX =
144π3m2F
θ2N2Q4α2y2SFm
3
X
= 20 m× 1
N2Q4y2SF
(
0.02
θ
)2(
0.5 GeV
mX
)3 ( mF
250 GeV
)2
, (34)
so that the X is naturally long lived, on the scale of the LHC experiments and larger.
A significant increase of X decay rate to photons can occur in models with PQ-like
symmetry in the F -sector, LXSF ⊃ MFFLFR exp(iX/〈S〉). Taking 〈S〉 ∼ v, one can estimate
that ΓX→γγ/ΓS→γγ ∼ (mX/mS)3, and the decay length for a semi-relativistic X shrinks to a
cm. However, this does not have any impact on Higgs searches at the LHC since the photons
produced in the decay of X are extremely soft when S and h are nearly degenerate.
A model with relatively prompt decay of X to photons may lead to additional signatures
in B-physics. In particular, the Lagrangian (18) can be extended to include the λXXXH
†H
terms. Then Higgs-penguin–type diagrams will lead to a B+ → K+XX → K+γγγγ rare
decay mode. The rate has been calculated in Ref. [17],
BrB+→K+γγγγ ∼ 2× 10−4λ2X . (35)
The existing measurement of such a decay mode mediated by 2π0 [18] implies that sensitivity
at the level O(10−6) can be obtained, which would in turn probe λ2X >∼ 0.01. The decays
of B with subsequent decays of X outside the detector would probe λ2X >∼ 0.05. We note,
however, that the scaling for λX dictated by technical naturalness is λX ∼ λ2, and therefore
this coupling can be much too small to allow any chance for its detection in the B system.
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4 Vector-like matter and modification of h→ ττ
Our mechanisms of enhancing the diphoton rate with nearby singlet scalar particles relies on
the presence of new VL matter F that carries electric charge. As such, F must arise from one
or more multiplets charged under SU(2)L and/or U(1)Y . For simplicity, we do not consider
VL matter charged under the SU(3)c. In this section we discuss the possible implications of
such VL sectors charged under the electroweak group, and in particular point out that such
VL states may cause a modification to the h→ ττ signal at the LHC.
The VL matter will generically be pair produced at colliders through electroweak pro-
cesses. The signatures of the VL pairs, however, are more model dependent, and will be
dictated by the coupling of F to the SM matter fields. A minimal choice would be to restrict
to VL quantum numbers such that renormalizable couplings of F to SM matter fields are
present. A catalog of these quantum numbers was studied, for example, in Ref. [19]. Even
with this simplifying assumption, there is a plethora of possible signatures depending on the
spin and electroweak quantum numbers, as well as the flavor of SM leptons and/or quarks
present in the interaction with F .
Rather than an exhaustive survey of the possible quantum numbers and signatures of VL
matter, we wish to speculate whether the VL matter itself may have interesting implications
for Higgs physics. For example, if these VL states are fermionic then it is plausible that they
couple to SM leptons ℓ at the renormalizable level via couplings of the form Fℓ or FHℓ.
This causes mass mixing that ultimately leads to shifts in the couplings of the Higgs boson
to leptons. Clearly the most interesting case to consider experimentally is when F mixes
with the τ , as it is the heaviest lepton and thus has the largest leptonic coupling to the
Higgs. It is also intriguing that the current LHC data shows a slight deficit in the h → ττ
channel. As we will see, there are viable models of VL matter that can cause such a deficit.
The apparent τ -lepton signal relative to the SM can be given by
Rττ ≃ Brh→ττ
BrSMh→ττ
+ θ2
BrFS→ττ
BrSMh→ττ
, (36)
where we assume that the mixing angle is small and that the hττ vertex can be modified
by the presence of VL matter. Obtaining Rττ < 1 would obviously require that both terms
in (36) are less than one. In the remainder of this section we will evaluate whether the
reduction of the apparent τ rate is possible within a class of models containing VL fermions
that mix with τ . We will furthermore investigate the implications of these models for colliders
and precision electroweak measurements. For a recent study exploring the potential of VL
fermions to enhance the diphoton rate, see Ref. [20].
4.1 Precision electroweak constraints on F − τ mixing
The VL leptons we will consider are subject to precision electroweak constraints. In particu-
lar such leptons can give contributions to the oblique parameters S and T [21], and perhaps
more importantly, mixing between τ and VL leptons will lead to a non-universal shift in the
Zττ , and Wτν electroweak vertices. We now give a summary of these constraints.
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The Zττ vertex can be written as
L ⊃ g
2cW
Zµτ
(
gτV − gτAγ5
)
τ, (37)
where the vector and axial couplings are defined as gτV = T3 − 2Qs2W , gτA = T3, with sW the
sine of the weak mixing angle and T3 = −1/2, Q = −1 for τ . These tree level couplings are
subject to radiative corrections which are encoded in the effective couplings gτV =
√
ρℓ(T3 −
2Qs2eff ,ℓ), g
τ
A =
√
ρℓ T3, with ρℓ = 1.005, s
2
eff,ℓ = 0.23128 [22] assuming lepton-universality as
in the SM. The SM predictions for the effective couplings are therefore (gτV )SM = −0.0370±
0.0003, (gτA)SM = −0.5012 ± 0.00025. For non-universal scenarios such as the one we
are considering, precision measurements on the Z-pole puts constraints on these effective
couplings [22]: gτV = −0.0366 ± 0.001, gτA = −0.5024 ± 0.00064. These observables are
weakly correlated, with a correlation coefficient of ρτAV = −0.07. In particular, we note that
for the axial coupling gτA, the SM prediction is greater than the experimental determination by
more than 1σ, a fact which will become important when considering specific representations
of VL leptons below.
There will also be a non-universal shift in the coupling Wτν vertex. Large deviations in
this coupling are constrained by tests of lepton-universality in lepton decays. From Ref. [23]
we can obtain the bound on the ratio (gτ/gℓ) = 1.0010 ± 0.0014. In our models, the Wτν
coupling will always be suppressed, and assuming there is no shift in the couplings of the W
to light leptons, the bound suggests we can tolerate a coupling as low as gWτν = 0.997 at
the 3σ level. In fact in the models we consider the shifts will always be much less than this.
Besides the non-universal vertex corrections, VL fermions will give contributions to the
oblique parameters S and T [21]. We use the updated Particle Data Group values [24] for
a 125 GeV Higgs boson, S = 0.04 ± 0.09, T = 0.07 ± 0.08 with a correlation coefficient
ρ = 0.88.
4.2 Mechanisms for modifying h→ ττ
The models we consider have two built-in mechanisms for suppressing the rate of Higgs-to-tau
leptons:
1. τ −F mixing: In this case significant mixing between VL fermions and τ leads to large
modifications to the hττ vertex. There are potentially large non-universal corrections
to the Zττ vertex that constrain these models.
2. h− S mixing: In this case, the VL fermions mix only mildly with τ , so as to suppress
corrections to the Zττ vertex. At the same time, S has large off-diagonal couplings to
the VL fermions, and through S − h mixing a cancellation occurs in the physical hττ
coupling.
From the point of view of the low-energy effective theory, integrating out heavy fermion
VL partners may be phrased as a series of higher-dimensional operators. Some examples of
the first mechanism are given by the expression
Lτ ⊃ −yττLτRH
(
1 + 2c1
H†H
Λ2
+ ...
)
. (38)
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It is easy to see that if we truncate the series at these two terms, the negative c1 is required,
Rττ =
(
1 + 3c1v
2/Λ2
1 + c1v2/Λ2
)2
, (39)
and even a ∼10% mass correction translates into a factor of 2 suppression of the effective
Higgs-to-tau decay rate.
We will now illustrate both mechanisms with specific models.
4.3 A single VL fermion
Consider first the simplest model, which contains a single new VL fermion E with the
quantum numbers of the the right-handed leptons of the SM: E ∼ (1, 1,−1). While in
principle the VL fermions can couple to any possible combinations of the SM leptons, for
simplicity, we will assume the couplings to electrons and muons are negligible and that E
only mixes with τ . As we will demonstrate, modifications of h → ττ are possible in this
model due to the S − h mixing mechanism described above. The other mechanism of τ −E
mixing would lead to a large renormalization of the Zττ vertex in conflict with precision
Z-pole data, as we will discuss below.
The Lagrangian of the model is
− L ⊃ (ℓL, EL)
{(
y1H y2H
0 ME
)
+ Sˆ
(
0 0
ySE1 ySE2
)}(
τR
ER
)
(40)
= (τL, EL)
{(
Y1 Y2
0 ME
)
+
hˆ
v
(
Y1 Y2
0 0
)
+ Sˆ
(
0 0
ySE1 ySE2
)}(
τR
ER
)
,
where ℓTL = (τL, νL). Note that we have used a field redefinition to remove a possible vector-
like mass term ELτR (see e.g. [25]). In the second line of (40) we have retained only terms
relevant for the neutral Higgs phenomenology, and defined Yi ≡ yiv/
√
2. For the scalar
sector, we assume that hˆ and Sˆ mix as described in detail in Section 2. In the simplifying
case in which all of the entries are real, the mass eigenstates are obtained through separate
left and right rotations for the fermions,(
τL,R
FL,R
)
=
(
cL,R sL,R
−sL,R cL,R
)(
τL,R
FL,R
)
, (41)
where sL,R = sin θL,R are the mixing angles in the left and right sectors. These rotations will
shift the Zττ vertex, as described in Section 4.1. It is straightforward to work out the shifts
of the vector and axial couplings in terms of the mixing angles θL,R in this model:
δgτV = δg
τ
A =
1
2
s2L. (42)
Therefore, in order to avoid strong constraints from from precision measurements sensitive
to the Zττ couplings, we must demand that the mixing is very small in the left sector.
Combined with the requirement of a small eigenvalue for the physical τ mass, we are forced
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E ∼ (1, 1,−1)
Input Y1 Y2 ME ySE1 ySE2 θhS
1.7 5.2 130 -1 3 0.18
Output mτ mE Rγγ Rττ g
τ
V g
τ
A
1.7 130 1.5 0.5 -0.0367 -0.5004
Table 1: Benchmark model for single VL fermion E ∼ (1, 1,−1). The input parameters
Y1, Y2, ME , and the output spectrum mτ , mE have units of GeV, while the remaining
parameters/observables are dimensionless.
into the regime Y1 . Y2 ≪ M . In this regime, mixing angles and physical masses are then
given by the approximate expressions
mτ ≃ Y1, mE ≃ME ,
θL ≃ Y2
ME
, θR ≃ Y1Y2
M2E
. (43)
We now explore the modifications of the apparent h → ττ rate in this model. After
diagonalizing the τ−E and h−S sector, one can derive the following approximate expression
for the coupling of the physical Higgs scalar h to τ
yhττ ≈ mτ
v
− θhS θL ySE1, (44)
where we have employed the approximate mixing angles given in Eq. (43). Taking θL ∼ 0.04,
which gives a small but tolerable shift of 8× 10−4 in δgτV,A, and θhS ∼ 0.15, ySF1 ∼ 1 we see
that we can completely turn off the coupling yhττ .
Even though we can suppress the coupling of the physical Higgs scalar to τ , there will
still be a nonzero apparent h → ττ signal, since the singlet scalar S also couples to τ .
Nevertheless the total apparent rate can be suppressed over a range of parameter choices. In
Table 4.3 we present a benchmark model which predicts a significant suppression of the signal
in the ττ channel, as well as an enhancement in the γγ channel. This model is marginally
consistent with Z-pole data in the tau sector. We also show in Fig. 1 the dependence of
the γγ and ττ rates as a function of the Yukawa coupling ySE1 and the Higgs-singlet mixing
angle θhS.
It is worth mentioning that in this scenario, the enhancement in the γγ channel actually
arises from the Higgs scalar h, which inherits a large coupling to the charged fermion E due
to its mixing with the S. Indeed, despite being produced with a sizable cross section, the S
particle in this setup dominantly decays to tau pairs. Thus, while we have taken S to have
a mass which is very close to that of h, there is no problem in separating S from h in terms
of enhancing the diphoton signal. In this case, the ττ signal at 125 GeV would completely
disappear.
ΓΓ
ΤΤ
-2 -1 0 1 20.0
0.5
1.0
1.5
2.0
2.5
ySE1
R
ΓΓ
ΤΤ
0.0 0.1 0.2 0.3 0.40.0
0.5
1.0
1.5
2.0
2.5
ΘhS
R
Figure 1: Apparent signal strength for the γγ channel (solid) and ττ channel (dashed) as a
function of ySE1 (left) and θhS (right). We have fixed the remaining physical parameters to
those indicated in the benchmark point in Table. 4.3.
Due to the rigid correlation of mixing in the left sector in this model and nonuniversal
corrections to the Zττ couplings in Eq. (42), it is not possible to utilize large mixing between
τ and E to suppress the h→ ττ rate (the first mechanism described in Section 4.2 ). In fact,
this occurs quite generally in models with a single VL fermion (though we have not done
an exhaustive exploration of models). For example, in a model with a VL doublet fermion
L ∼ (1, 2,−1/2), the shift in the Zττ vertex depends on size of the mixing angle in the right
sector. As in the model just examined, requiring this mixing to be small ultimately implies
that τ −L mixing cannot lead to a large modification to the hττ rate. Rather, the only way
to obtain such a large modification is to rely on h − S mixing. However, in models with
more than one VL fermion, it is possible to simultaneously have small corrections to Zττ
couplings and large effects in h → ττ through τ − F mixing, as we now explore in a model
with two VL fermions.
4.4 Two VL fermions
While a single VL fermion cannot cause a modification to the Higgs-to-tau rate, it is possible
if one considers two or more sets of VL fermions. To illustrate, we introduce a heavy VL
lepton “generation”, LL,R ∼ (1, 2,−3/2) and EL,R ∼ (1, 1,−1). As we will discuss below,
the doublet with exotic hypercharge allows one to obtain better agreement with the Z-pole
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L ∼ (1, 2,−3/2) , E ∼ (1, 1,−1)
Input Y1 Y2 Y3 Y4 m ME ML ySE1 ySE2 ySL3 θhS
3.1 7.5 130 80 35 250 250 0.4 2 2 0.05
Output mτ mE mL mX Rγγ Rττ ∆S ∆T g
τ
V g
τ
A gWτν
1.7 148 357 250 1.9 0.5 −0.04 0.04 −0.0350 −0.5016 0.999
Table 2: Benchmark model for VL lepton generation with L ∼ (1, 2,−3/2), E ∼ (1, 1,−1).
The input parameters Y1, Y2, Y3, Y4, m, ME , ML and the output spectrum mτ , mE , mL,
mX have units of GeV. The remaining parameters/observables are dimensionless.
data related for the τ sector. The Lagrangian can be written in the following generic form,
− L ⊃ (ℓL, EL, LL)



 y1H y2H 0m ME y3H˜†
0 y4H˜ ML

+ Sˆ

 0 0 0ySE1 ySE2 0
0 0 ySL1





 τRER
LR

 ,
(45)
where m, ME(L) are bare VL mass parameters, and yi are Yukawa couplings. Again, we
assume that hˆ and Sˆ mix as described in Section 2.
This setup has clear advantages over a single VL fermion model, such as (40), in terms
of its potential to modify the apparent Higgs decay rate to tau leptons through τ − L,E
mixing: one can keep m and y2v small in comparison with ME(L), y3(4)v, thus avoiding large
renormalizations of the electroweak vertices of tau leptons. Furthermore, in this particular
model one can obtain a small negative shift in δgτA via mixing, moving the predicted value
closer to the measured value inferred from Z-pole data, as discussed in Section 4.1. Finally,
we note that there is an additional charge Q = −2 component X which runs in the hγγ and
Sγγ loops, which can help enhance the apparent diphoton signal.
We show in Table 2 a viable benchmark point which leads to a significant suppression of
the h→ ττ branching ratio and an enhancement of the diphoton signal. The modifications
of the apparent Higgs rates are as follows:
Rγγ ≃ 1.4h + 0.5S ≃ 1.9; Rττ ≃ 0.5h + 0S ≃ 0.5, (46)
where subscripts h, S indicate the origin of the respective contributions. We see that in the
example given above the τ rate is lower than the that of the SM by a factor of 2, while gamma
rate is increased by nearly a factor of 2. A sizable portion of the diphoton enhancement in
this model is due to the mechanism discussed in Section 2, namely the nearly degenerate
scalar with a small mixing to the Higgs portal and a coupling to the charged fermions in
L,E.
The model is in agreement with precision electroweak tests, with only modest corrections
to the oblique parameters as indicated in Table 2. Regarding the Z-pole data related to the
tau sector, the model gives a level of agreement comparable to that of the SM, with gτV,A lying
within 2σ of the measured values. In fact, the exotic doublet with hypercharge -3/2 has a
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slight advantage in this respect compared to a doublet with standard hypercharge -1/2. The
latter model can only cause a positive shift in δgτA, which moves the prediction away from
the measured value, while the exotic hypercharge model can cause either positive or negative
shifts. We have investigated the model with standard hypercharge quantum numbers and
have found that, for appropriate choices of parameters, the model can be made marginally
consistent with precision data while still causing the desired effects in the apparent Higgs
rates.
Concluding this section, it is fair to say that there are many other mechanisms that
simultaneously affect Rγγ and Rττ that are not covered in this paper. In addition to the
previously discussed case of VL fermions, one can achieve similar effects by introducing
additional Higgs doublets. One very plausible option is the two-Higgs doublet model with
a lepton-specific doublet Hl. If the Higgs vev that gives masses to the W and Z mostly
comes from the Hq doublet, 〈Hq〉 ≃ v ≫ 〈Hl〉, then the observed 125 GeV state can be
identified with the scalar hq. Integrating out the Hl fields may result in the structure (38)
and thus a naturally suppressed Higgs branching to tau pairs. To implement the increase in
the diphoton rate due to the loop of charged Higgs states, an unorthodox Higgs potential
must be devised, so that the masses of the charged Higgs states from the Hl sector have a
“flipped” dependence on the vev of Hq: ∂m
2
±/∂v < 0. The analysis of two-Higgs doublet
models goes outside the scope of the present paper.
4.4.1 Collider signatures of the VL matter sector
Given the Lagrangian in Eq. (40), the E fermions, transforming as (1, 1,−1) under the SM
gauge group, will be pair produced at hadron colliders,
pp→ γ/Z∗ → E+E−. (47)
The E±’s decay to hτ±; Zτ±; W±ν with rates in the ratio
ΓE±→hτ± ΓE±→Zτ± : ΓE±→W±ν ∼ 1 : 1 : 2, (48)
in the limit of large mE . In addition, if S couples strongly to τE + h.c., E can decay via
E± → Sτ± → τ+τ−τ±, γγτ±. (49)
This can lead to interesting signatures, such as pp→ 6τ , leading to many high energy, same-
sign, same-flavor leptons, or pp → τ+τ−4γ with two pairs of photons having an invariant
mass of 125 GeV. In what follows, however, we concentrate on final states involving weak
gauge bosons and leave the discussion of these novel signatures to future work.
The pair production cross section of charged E fermions is given in Fig. 2. For the model
presented in Sec. 2.2, where relatively light new charged particles are invoked to enhance
the apparent Higgs diphoton rate, one should expect O(103) charged pairs to have been
produced at ATLAS and CMS.
LEP sets a lower limit of the mass of changed particles of ∼ 105 GeV. For larger masses,
we note that, while dedicated searches for exactly this type of charged particle have not
yet been performed at the LHC, a recent ATLAS search for the production of charginos
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Figure 2: The production cross section for E+E− pairs at the LHC. E is a vector-like fermion
with hypercharge -1. For comparison we also show the cross section at the Tevatron.
subsequently decaying to W± and a neutralino [26] using data from the
√
s = 7 TeV run is
relevant. The final state searched for in this analysis is ℓ+ℓ′−+missing energy where ℓ and
ℓ′ each label a (possibly the same) light lepton e or µ which can occur in E+E− production
when E± → Zτ±, W±ν.
To estimate the reach of this analysis to the scenario described here, we generate pp →
E+E− events with MadGraph 5 [27] and decay the E’s to Wν and Zτ . We assume that
BrE±→W±ν = 1/2 and BrE±→Zτ± = 1/4. We then implement the cuts relevant to this final
state (labelled SR-MT2) made in [26], ignoring any detector efficiencies. The cross section
after these cuts as a function of mE is presented in Fig. 3. This should be compared with
the upper limit found by ATLAS of 2.6 fb on non-SM cross sections in this region.
These rough estimates show that current data do not appear to rule out VL fermions light
enough to have an appreciable effect on the Higgs diphoton rate as described in Sec. 2.2, the
LHC will be able to probe this scenario in the near future (similar conclusions were recently
reached in Ref. [28]). Broadening the search to include additional final states including jets
could allow for masses up to 250 GeV to be probed [29]. However, models like those described
in Sec. 3 are not constrained by such searches since they can accommodate large apparent
increases to the Higgs diphoton rate with VL fermions whose masses are in the TeV range.
5 Searching for a singlet neighbor in the diphoton spectrum.
If the apparent excess in the rate of h → γγ observed at the LHC is due to the decay to
photons of a nearly degenerate scalar, it is important to understand what size mass splitting
is acceptable with current data and what will be able to be probed in the near future.
To roughly answer this question, we study the model described in Sec. 3 and generate
pp→ h→ γγ and pp→ h→ SX events with S → γγ using MadGraph 5 [27], fixing mh =
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Figure 3: The cross section for pp→ E+E− → ℓ+ℓ′−4ν at the LHC with √s = 7 TeV after
making the cuts labelled SR-MT2 in [26]. The experimental upper limit of 2.6 fb is also
shown.
126 GeV and varying mS. The events are then processed by PYTHIA [30] to add initial-
and final-state showering and detector effects are approximated by PGS [31]. We assume
a large effective enhancement to the effective diphoton rate of Rγγ = 2, i.e. Γ (h→ γγ) =
Γ (h→ SX → γγX). For simplicity, gluon fusion is the sole Higgs production mechanism
we consider since it provides about 88% of the Higgs production at the LHC at 8 TeV.
To understand the situation with current data, we generate 120 h → γγ and h →
SX → γγX events (240 total) at each mS considered. This corresponds to the number of
events observed with an integrated luminosity of 5.9 fb−1 at 8 TeV with a γγ reconstruction
efficiency of ∼ 40% with Rγγ = 2. Additionally, we generate a further 6000 such events
(12000 total) which corresponds to an integrated luminosity of 300 fb−1 to estimate what
effects increased data can have.
We present the results of fitting the diphoton invariant mass signals with a gaussian as
a function of mh −mS. In the left panel of Fig. 4 we see the shift in the fitted Higgs mass
relative to the true Higgs mass as mh −mS increases. Given the equal number of diphoton
events coming from h and S the fitted mass simply tracks the average of mh and mS . The
change in the fitted width of the gaussian as a function of mh − mS is shown in the right
panel of Fig. 4.
We also explore fitting theMγγ signals with two gaussians whose width is fixed to 2.1 GeV
(indicated by fits of the Mγγ shape from a single Higgs at 126 GeV in PGS). The change in
the χ2 when fitting the signal with two gaussians compared to fitting with a single gaussian
whose width is fixed to 2.1 GeV for both 5.9 fb−1 and 300 fb−1 is shown in Fig. 5.
The presence of a nearly degenerate scalar could be deduced by observing a wider-than-
expected Mγγ signal that is better fit by assuming two nearby resonances. Additionally, the
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Figure 4: The dependence of ∆m = mh−mfit (left) and the change in the width ∆σ (right)
as a function of mh − mS of the gaussian fitting the Mγγ signal from 120 h → γγ and
h→ SX → γγX events corresponding to 5.9 fb−1 (red squares) and from 6000 h→ γγ and
h→ SX → γγX events corresponding to 300 fb−1 (blue diamonds).
Higgs mass measured in the γγ channel could potentially disagree with that measured in the
ZZ∗ channel.
These estimates indicate that the current diphoton excess seen at the LHC could poten-
tially be caused by the two photon decays of a nearly degenerate scalar with a mass splitting
∆M = |mh −mS| as large as perhaps 2.5 GeV. It appears that collecting 300 fb−1 of data
could probe ∆M ∼> 1 GeV.
We should note that this analysis is very rough and definitive statements can only be
made after a more full detector simulation is undertaken. However, these estimates are
given some amount of credence by observing that more complete studies indicate that the
resolution on the Higgs mass in the diphoton channel is about 1 GeV [32] and, in addition,
the current experimental errors on the Higgs mass from this channel are a bit larger than
this, roughly 2 GeV [1, 2].
6 Conclusions
We have explored the possible modifications to the apparent properties of the Higgs boson
in a set of simple models in which the Higgs particle has a nearby singlet scalar ‘neighbor’
that is coupled to charged VL fermions. Let us summarize the main consequences of the
models we have considered:
• The presence of a second (or multiple) scalar state at ∼ 125 GeV is perfectly allowed
by the current LHC data, and our analysis indicates that present sensitivity to ∆M
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Figure 5: The improvement in χ2 when fitting the Mγγ signal with two gaussians whose
width is fixed to 2.1 GeV compared to a single gaussian whose width is fixed to 2.1 GeV
with 120 h → γγ and h → SX → γγX events corresponding to 5.9 fb−1 (red squares) and
from 6000 h→ γγ and h→ SX → γγX events corresponding to 300 fb−1 (blue diamonds).
does not exceed a few GeV. With the expected increase in statistics and the number of
Higgs-like events collected at the LHC, it should be possible to resolve multiple states
in the diphoton spectrum provided their splitting is greater than ∼ 1 GeV.
• When the new state is populated via the mixing with the Higgs, even a relatively small
mixing angle may lead to a significant increase in the apparent h → γγ rate. This is
true provided that model contains relatively light O(100− 300) GeV VL states, unless
large charges/large multiplicities are introduced. We estimate that in the current
dataset O(103) of such VL states have been produced, but their detection depends
rather sensitively on the decay modes, which are more model dependent.
• A light mediator particle connecting the Higgs and its singlet neighbor may lead to the
additional channel of Higgs decay, h→ XS. An inefficient decay of S via the off-shell
Higgs enhances its branching ratios to other rare decay modes. In particular, the ap-
parent decay rate to photons can now be enhanced even with O(few TeV) scale charged
particles, which are currently outside of the LHC reach. (We note in passing that this
model explicitly bypasses arguments of Ref. [28], which argues that enhancement of
Rγγ implies a low-scale of UV completion and relatively light VL fermions.)
• In our models, the use of VL matter is essential for increasing the apparent rate of 125
GeV resonance to diphotons. We showed that VL fermion that can couple to leptons
can also lead to the reduction of the Higgs decay rate to tau leptons.
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